Polyethylene naphthalate proved to be a suitable detector material for the dosimetry of ophthalmic plaques, including low-energy photon emitters and other small radiation fields. Due to superior properties, it has the potential to replace polyvinyltoluene as the standard scintillator for such applications.
Introduction
Brachytherapy with radioactive ophthalmic applicators is an effective treatment modality for tumours of the eye [1, 2] . These plaques emit either β radiation or lowenergy photons, and the resulting radiation fields are characterized by steep dose fall-offs within a few millimetres. Hence, the dosimetry necessary for quality assurance and for the development of new plaques is still a challenge and requires experience and appropriate detector systems.
For dosimetric tasks in a hospital, water is usually the reference medium, and measurements are performed in water or in a water-equivalent phantom material. Thus, a detector material with a density and atomic composition which is as close as possible to that of water can be an advantageous choice, since it minimizes the disturbance of the radiation field during the measuring process. This property is useful especially under measuring situations with large dose gradients or without secondary electron equilibrium -a precondition required for the usage of cavity detectors, such as ionization chambers [3] . Examples of such special and often problematic measuring conditions are radiation fields of eye plaques, as mentioned before, and photon and electron radiation fields of a clinical linear accelerator (LINAC) with sizes of about 40 mm or less, for instance in case of retinoblastoma treatment. In such situations, detector volumes of 1 mm 3 or less are necessary in order to provide a sufficient spatial resolution. Plastic scintillators fulfil such requirements and have, therefore, been used in a wide range of electron and photon radiation dosimetries for decades, with different measuring geometries [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Furthermore, they allow for a direct reading of the signal proportional to the dose rate over four orders of magnitude and can be used as scanning detectors in a 3-dimensional water phantom [6, [19] [20] [21] . Unlike dosimetric measurements with radiochromic films or thermoluminescent dosimeters, the complete dose distribution of an ophthalmic plaque can be measured with a scintillation dosimeter within a single measuring procedure, i.e. one scan across the whole region of interest, without any re-calibration of the detector system. Due to these characteristics, dosimetry systems with plastic scintillators are a standard for eye plaque dosimetry today [6, [19] [20] [21] [22] [23] , in spite of the fact that they usually have to be manufactured by the users themselves, since no commercial supplier offers such systems due to the small market.
A scintillation dosimeter system typically consists of the scintillator itself, a suitable light-guiding tube for the transmission of the emitted scintillation light and a photomultiplier or a photodiode read out by an amperemeter for the determination of the light intensity. Cerenkov radiation, i.e. light generated by the (secondary) electrons within the light-guiding tube, causes a considerable contribution to the total signal strength and has to be taken into account in most measuring situations. In order to solve this problem, sophisticated solutions have been presented [6, 12, 19, [24] [25] [26] [27] [28] [29] .
The ultraviolet-emitting scintillator polyvinyltoluene (PVT) has been the most commonly used base material for scintillation dosimeters so far. Added wavelength shifters, such as POPOP and p-terphenyl, result in a light emission of the plastic scintillator within the visible spectrum. The widely used type BC-400, for instance, has an emission maximum at a wavelength of 423 nm in the blue range of light [30] .
In contrast to PVT, polyethylene naphthalate (PEN) is a recently discovered scintillator that does not contain any wavelength shifter but directly emits blue light [31] . It is mechanically far more stable and heat resistant than PVT. Hence, we expected better and more easily obtainable results for manufacturing very small dosimeters from this material, instead of PVT, especially for the dosimetry of small radiation fields and ophthalmic applicators. An essential precondition for this usage, however, was the determination of the basic dosimetric properties of PEN and its general applicability as a dosimeter for clinical electron and photon beams. This applicability is demonstrated in the following.
Materials and Methods
PEN is a polyester with a density of about 1.35 g/cm 3 . It is a thermoplastic with a melting point of about 270 ° C and improved chemical and hydrolytic resistance compared to PVT. The atomic composition is [C 14 H 10 O 4 ] n . It was recognized as a scintillator with good light yield in 2011 [31] . Basic dosimetric properties of this material, with respect to the measurements of the absorbed dose to water, are described by the ratios of the mass energy absorption coefficient of PEN and water for photons, as already mentioned before, and the ratio of the mass stopping power for electrons, respectively. The necessary data can be obtained from NIST [32, 33] . The ratios between 10 keV and 20 MeV are shown in figure 1 . The ratio of the mass stopping powers remains constant within a few percent in the whole energy range of dosimetric interest. The ratio Rh were available from our current clinical routine, the 125 I plaque was especially constructed for these measurements. It was based on a CCB-shaped gold calotte with 8 seeds (BEBIG type IsoSeed ® I25.S16), all of them positioned close to its centre. As a reference detector, we used a calibrated dosimetry system with a PVT scintillator, traceable to a secondary standard, provided by the German National Metrology Institute, Physikalisch-Technische Bundesanstalt. For each of these three setups, we manufactured an appropriate detector. We first formed a cylinder with a thickness of 5 mm and a diameter of 25 mm from pure PEN granulate (Goodfellow GmbH) that was heated in an oven to a temperature of 275 ° C. From this cylinder, pieces of different sizes were cut out with a metal saw: a piece of 5 × 5 × 5 mm 3 for the measurement of the 192 Ir source used for afterloading brachytherapy, a piece of 1 × 1 × 1 mm 3 for the measurements of the 106 Ru/ 106 Rh and the 125 I radioactive eye applicator and a piece with a base area of 5 × 4 mm 2 and a thickness of 2 mm for measurements of photon and electron beams of the clinical LINAC. After cutting, the pieces were polished by means of a plastic polish. These procedures were performed without the problems typically connected with the manufacturing of PVT: softening due to frictional heating, surface damage due to mechanical or chemical influences and the emission of toxic substances, such as toluene.
A cyanoacrylate glue (Sekundenkleber, UHU GmbH) was used to connect the PEN pieces to PMMA light-guiding tubes (Cunz GmbH) with a diameter of 1 mm. The light-guiding tubes had a length of 0.5 m (brachytherapy measurements) and 4 m (LINAC measurements), respectively. The scintillators were then covered by a thin layer of white acrylic paint in order to increase the light gain and, subsequently, together with the adjacent part of the lightguiding tubes, by black acrylic paint and a black shrinking tube in order to achieve light tightness of the system ( fig. 2 ) . The lightguiding tubes were furnished with light-tight optical fibre connectors and connected to the photocathode of Hamamatsu R647-01 photomultiplier tubes. This photomultiplier, a 10-stage tube, showed an amplification factor of typically 10 6 at a supply voltage of 1 kV in our measuring setup. In case of the LINAC measurements, the photomultiplier tubes were read out by two electrometers (PTW Unidos 10001, PTW Freiburg GmbH, Freiburg, Germany), in all other cases by a picoamperemeter (Keithley 486, Keithley Instruments Inc.). Before further processing, all measuring data were corrected for the dark current of the photomultiplier tubes.
For the initial measurement of the 192 Ir source, the PEN scintillator and a PTW 31003 ionization chamber, as a reference, were mounted side by side behind a plastic build-up cap for a simultaneous measurement. The signal of the ionization chamber was measured by a PTW Unidos 10001. The full length of the lightguiding tube and the photomultiplier tube itself were almost completely shielded from the radiation field by 5-cm-thick lead blocks, thus reducing the radiation strength to <1% ( fig. 3 c) . Correction for the Cerenkov effect was therefore unnecessary. In order to vary the dose rate, the radiation source was automatically moved to desired measuring positions within its guiding tube.
In the case of the measurements of the LINAC (Varian Clinac 2100C), the detectors were precisely positioned at different positions in a water phantom PTW 4322. A second light-guiding tube (Cerenkov channel), shielded from the scintillator light, was mounted parallel to the first one (scintillator channel) in order to fig. 3 a) . After relative calibration, the signal of the Cerenkov channel was subtracted from the total signal of the scintillator channel, thus enabling the determination of the pure scintillator signal which was compared to measurements with an ionization chamber PTW 31003 and electrometer PTW Unidos 10001. The measurements were not carried out simultaneously due to the reproducibility of the LINAC of >0.5%. The effective measuring point of the scintillator was set to its geometric centre, while for the ionization chamber, it was 1/2 of the inner radius of the measuring volume towards focus (in accordance with DIN 6800-1 and DIN 6800-2 [34, 35] ). The measurements were performed for beam energies of 6 and 15 MV for photons, and 6 and 12 MeV for electrons, at a pulse dose of 0.4-0.7 mGy and a focus surface distance of 100 cm. With 4-μs mean width of a rectangular pulse, these values correspond to short-time dose rates of 92-175 Gy/s. The typical mean dose rates along the profiles for the chosen pulse repetition rates during the measurements were in the order of 10 Gy/min. The field sizes were 10 × 10 cm 2 for the photon beams and 5 × 5 cm 2 for the electron beams, and the detector was positioned at the field centre. Thus, secondary electron equilibrium for the photon beam was preserved. For the electron beam, the radiation field was sufficiently homogenous across the detector base area, with a field gradient only perpendicular to it.
For the final measurements of the eye applicators, the detector was automatically moved in a water phantom by a scanner along the central axis of the plaque ( fig. 3 b) . No second light guide was used, however, and no correction for the Cerenkov light was per- Rh, a β emitter with a maximal energy of 3.5 MeV, we expected the amount of Cerenkov light to be negligible within ±5%. This was shown for PVT scintillators of that size in previous measurements, under such measuring geometries [22] , and the light output of PEN was expected to be similar to that of PVT [31] -a fact that was confirmed during our measurements. As a reference detector, we used a calibrated dosimeter based on a PVT scintillator, as mentioned above.
Results
For all radiation qualities under investigation, the obtained signals from PEN-based scintillators demonstrated a fine linear response to the dose rate, as measured by the reference dosimeters. This was proven valid even for the comparison of PEN and ionization chamber measurements of the 192 Ir afterloading source, in spite of the fact that this measurement was not performed in a suitable phantom. In this case, however, the chosen setup guaranteed the reproducibility of the measuring conditions ( fig. 4 ) . In the following, the uncertainties are given with a confidence interval of k = 1.
For photon beams from the LINAC, the agreement of the depth dose profiles was within 1% for both energies ( fig. 5 ). For electron beams from the LINAC, the initial increase and the steep dose fall-off of the depth dose profiles were demonstrated within 2% ( fig. 6 a) . The small amount of bremsstrahlung background could also be determined, as figure 6 b shows, although the poorer measuring statistics were in the order of ±10%. It should be noted that the amount of light from the scintillator was so large that even with a value of 100 MU/min as the lowest pulse repetition rate of the LINAC, the supply voltage of the photomultipliers had to be reduced from 1,000 to 700 V in order to avoid an overflow of the electrometers in the highest measuring range.
Measurements of the low-energy photon field of a 125 I eye applicator, covering two orders of magnitude in dose rates from about 2-200 mGy/min, showed an excellent agreement within 2% to a measurement with a PVT dosimeter ( fig. 7 ) . For the 106 Ru/ 106 Rh eye plaque, the measuring values were in the expected agreement over nearly four orders of magnitude, from 100 mGy/min down to only 0.03 mGy/min ( fig. 8 ) . Until a depth of 12 mm, an agreement within 2% was observed as well. For clinically almost irrelevant depths larger than 12 mm, the measuring statistics became significantly worse (up to ±20%), especially for the region beyond the maximal β range of about 15 mm. Nevertheless, the qualitative agreement between the results of both detectors in this region was acceptable, especially when taking into account the very small dose rate.
Under the same measuring conditions, we found the ratio of the absolute response values of the PEN and PVT scintillator to the radiation of low-energy photons (1.78 ± 0.06) to be almost twice as high as the ratio of the response values to β radiation (1.01 ± 0.03). 
Discussion
Our investigations clearly demonstrated that a PEN scintillator is principally applicable as a clinical dosimeter for a wide range of clinically used photon and electron beam qualities, with different energies and dose rates, ranging from <0.1 mGy/min to several Gy/min. This applicability encompasses especially the still difficult field of ophthalmic plaque dosimetry. In all cases, the response of a PEN detector was in excellent agreement to the signal of reference detectors. The applicability is comparable or superior to other types of detectors with similar application fields, such as PVT scintillators, small diodes or Gafchromic EBT-3 film.
The dependence of the electron and photon cross sections upon the particle energy shows a similar behaviour for PEN and water. Thus, PEN can be regarded as dosimetrically almost water equivalent. The material is cheaper than conventional scintillators and easy to manufacture into different geometric designs for special dosimetric tasks. It remains resistant against chemical and physical influences during the manufacturing process, especially thermal stress, and does not emit toxic substances. The light output of every specimen was found to be comparable to that of a PVT scintillator of the same size.
In the problematic field of photon energies below 40 keV, such as for 125 I eye plaque dosimetry, PEN demonstrates notable advantages compared to PVT. The light responses of both PVT and PEN scintillators to the dose rate in this energy range are linear but reduced compared to the values obtained for β radiation (   106   Ru/   106 Rh applicator) or photon radiation with higher energies. For PEN, however, this disadvantageous reduction was found to be considerably lower than for PVT.
For PVT, we determined a reduction factor of approximately 3.26 in earlier investigations [22] , in accordance with other researchers [36, 37] . We found this factor to be depending on the combined influence of two effects: the ratio of the mass absorption coefficients of PVT and water ( fig. 1 ), inducing a reduction by a factor of approximately 2.5, and an additional decrease of the light response caused by the so-called quenching effect, i.e. the deposition of radiation energy in the scintillator without resulting light emission.
Taking into account only the mass absorption coefficients of the two materials, we expected a response for PEN reaching about 150% of the PVT value but found a Comparison between measurements of a 106 Ru/ 106 Rh eye applicator with a PEN and a calibrated PVT scintillator type BC-400. The size of the markers represents the measuring uncertainty for the β profile (k = 1). In the region of the photon background, error bars are shown only for the PVT measurements, for clarity. In fact, the uncertainty is the same for both detectors (20%). The dose rate at the reference point at 2 mm, according to [23] , was 88 mGy/min. much larger result of approximately 190%. This quantitative difference between the expected and measured values can be fully explained by the quenching effect in PVT. The ratio for PEN is in quite good agreement with the value expected from the ratio of the mass absorption coefficients of this material and water. Thus, our recent investigations indicate that there is no or only a small quenching effect in PEN. This absence of a distinct quenching effect for low-energy photons makes PEN also an interesting material for further investigations as a detector, for instance for the dosimetry of therapeutic proton beams [38, 39] .
Conclusion
PEN was recognized as a novel plastic scintillator material in 2011. Due to its density and atomic composition, it features an approximate dosimetric water equivalence and provides fine properties for the dosimetry of both electron and photon radiation. It allows for a minimal disturbance of the radiation field during the measuring process, especially in dosimetrically difficult situations, such as the dosimetry of small radiation fields and radioactive eye plaques. This material primarily emits light with a similar wavelength and gain as conventional PVTbased plastic scintillators with wavelength shifters. Due to its superior mechanical, chemical and physical characteristics, however, PEN is much easier to process and manufacture as a detector than PVT, especially when detector designs for special measuring situations are required. In our investigations, PEN scintillators proved to be suitable detectors for a wide range of applications in the dosimetry of clinical photon and electron fields, including low-energy photon radiation from 125 I (25-35 keV) and 192 Ir sources (approximately 300-600 keV), 106 Ru/ 106 Rh β radiation (3.5 MeV maximal energy) and photon and electron beams from a linear accelerator (from 6 to 18 MeV). Furthermore, PEN features considerably better properties than PVT in case of the dosimetry of low-energy photon radiation, such as from 125 I eye plaques. Hence, we recommend PEN as an ideal material for the dosimetry of ophthalmic plaques.
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